Abstract-A pulsed broadband mode-locked laser (MLL) combined with interferometric interrogation is shown to yield an efficient means of multiplexing a large number of fiber Bragg grating (FBG) or fiber Fabry-Pérot (FFP) strain sensors with high performance. System configurations utilizing time division multiplexing (TDM) permit high resolution, accuracy, and bandwidth strain measurements along with high sensor densities. Strain resolutions of 23-60 nε/Hz 1/2 at frequencies up to 800 Hz (expandable to 139 kHz) and a differential strain-measurement accuracy of ±1 µε are demonstrated. Interrogation of a low-finesse FFP sensor is also demonstrated, from which a strain resolution of 2 nε/Hz 1/2 and strain-measurement accuracy of ±31 nε are achieved. The system has the capability of interrogating well in excess of 50 sensors per fiber depending on crosstalk requirements. A discussion on sensor spacing, bandwidth, dynamic range, and measurement accuracy is also given.
I. INTRODUCTION
T HE FIBER Bragg grating (FBG) sensor has been demonstrated as a useful device for measurement of strain, particularly in monitoring the health of structures. It exhibits several advantages over conventional strain-measurement sensors based on resistive strain gauges: Many FBGs can be multiplexed onto a single fiber using techniques described below; the sensor is electrically passive and immune to electromagnetic interference and FBG sensor arrays can be mass produced using automated grating-fabrication techniques. Some highperformance applications of FBG strain sensors require multiplexing very large numbers of sensors onto a single fiber while achieving submicrostrain resolution from sub-Hertz frequencies upwards. High-resolution and dynamic-range strain measurement can be achieved with an interferometric wavelength discriminator. This yields strain resolutions approaching the nanostrain level over large bandwidths. Interferometric interrogation of FBG strain sensors has demonstrated resolutions of 6 nε/Hz 1/2 at 1 Hz for a single sensor [1] and 4 nε/Hz 1/2 at 0.1 Hz for a multiplexed array [2] . The latter multiplexing technique utilizes the spectral selectivity of the FBG sensors to distinguish between them [i.e., wavelength division multiplexing (WDM)]. The number of sensors in this case is limited by the spectral width of the emission from the illuminating source and the required wavelength separation and is typically less than 20 sensors. To increase the level of multiplexing, time division multiplexing (TDM) can be applied, where sensors are sequentially arranged such that their signals arrive at the detector at different times. This requires producing switched broadband optical pulses; such as by directly switching a super-luminescent diode (SLD) [3] or by externally modulating an edge LED (ELED) [4] or erbium-doped fiber amplifier (EDFA) [5] . In these cases, strain resolutions of 220 and 2 nε/Hz 1/2 were achieved with the SLD and ELED sources, respectively. Sensor count limitations arise in two of these configurations due to the restricted pulse powers generated by SLDs (∼ 1 mW) and ELEDs (∼ 100 µW). Higher power is generated with the EDFA source and further increase in power can be achieved with optical amplification; however, this adds to the cost and complexity. Also, multiple-stage optical modulators are required to achieve acceptable extinction ratios when operated with a broad-bandwidth input signal. Low extinction ratio pulse emission increases the crosstalk in multiplexed arrays and reduces the number of sensors that can be multiplexed. Other noninterferometric techniques to interrogate multiplexed FBGs that have achieved submicrostrain resolution have been demonstrated. One such technique is based on a linear chargecoupled device (CCD) spectrometer [6] and achieves strain resolutions approaching the nanostrain level over bandwidths up to 2 kHz (extendable to 10 kHz) [7] , although is currently limited to WDM only. Another technique utilizes an edge filter to convert the change in Bragg wavelength into an intensity modulation. The sensitivity, linearity, and dynamic range of the sensors are thus dependent on the design of the edge filter. However, strain resolutions of 37 and 2 nε/Hz 1/2 at 300 Hz have been demonstrated using a pulsed semiconductor optical amplifier (SOA) source and mode-locked laser (MLL), respectively [8] . Finally, an efficient TDM technique has been demonstrated using an SOA in a resonant cavity. The system is capable of interrogating 100 sensors spaced by 20 cm; strain resolutions less than 1 µε up to 500 Hz are reported using an edge-filter interrogation system [9] .
To achieve the combination of very high multiplexing gain, submicrostrain resolution, low crosstalk, and large bandwidth (> 50 kHz), the present work describes a configuration 0733-8724/$20.00 © 2005 IEEE combining a broadband mode-locked erbium-doped fiber laser source with interferometric interrogation. The MLL configuration can generate broadband (greater than 60 nm) square optical pulses of duration 10-30 ns (tunable by pump power and fiber ring birefringence), and peak pulse powers approaching 1 W, at a repetition rate of several hundred kilohertz [10] . The spectral emission properties of this laser have been investigated further in [11] , which demonstrates this laser to be well suited to highperformance interrogation of FBG sensors. The peak power produced by this MLL exceeds that of an SLD and SOA by greater than two orders of magnitude. It is powered by a single pump diode and is therefore more efficient than the externally modulated EDFA source.
In the proposed configuration, a serially multiplexed array of FBG sensors consists of low-reflectivity FBGs, each at a different wavelength. This sequence of FBGs is repeated periodically along a single fiber. A low-cost method of fabricating multiplexed FBG arrays is based on single-pulse grating fabrication on the draw tower [12] . Continued development of this technique has considerably improved the quality of the FBGs over the initial demonstrations and may make possible online fabrication of apodized FBGs at predetermined wavelengths. Alternatively, other techniques based on strip and recoat [13] or by writing through the fiber coating [14] are currently available. The proposed configuration is also demonstrated to interrogate fiber Fabry-Pérot (FFP) cavities, which provide greater than an order of magnitude increase in strain sensitivity. These can be fabricated in the same way as multiplexed arrays of FBG sensors. This paper is arranged as follows. The MLL and multiplexing scheme are described in Section II. The FBG sensor system performance is presented and analyzed in Section III. Section IV describes the interrogation of a single FFP sensor, using a modified interrogation approach. Finally, a summary is given in Section V.
II. MULTIPLEXING SCHEME

A. Mode-Locked Laser (MLL)
The MLL comprises a unidirectional ring cavity. The principle of the passive mode-locking scheme relies on nonlinear polarization switching, where the beat length of the optical fiber within the ring is power dependent, giving rise to a power dependence of the transmission. This yields a stable operating regime consisting of the emission of square-shaped optical pulses. Operation in this so-called multi-beat-length regime results in mode-locked behavior occurring at relatively low pump powers [15] . Stimulated Raman scattering broadens the emitted radiation beyond the erbium window to greater than 60 nm. The MLL characterized here was first reported in [10] . The ring contains a length of erbium-doped fiber, pumped by a 980-nm laser diode, approximately 700 m of dispersion-shifted fiber, a polarizing isolator, and two polarization controllers. The polarization controllers provide the birefringence control required to obtain the mode-locked regime.
Once the mode-locked regime is obtained, the pulsewidth is typically on the order of 10 ns and the repetition frequency f rep is 278 kHz (or period of 3.48 µs), corresponding to one cavity round-trip time (cavity fiber length 736 m). The optical duty cycle (DC) is therefore 2.8 × 10 −3 (−25.5 dB). The peak emission power density of the laser is shown in Fig. 1 . Thus, the launched pulse power density is 7 dBm at 1550 nm in a 0.2-nm bandwidth. The optical extinction ratio (defined as the ratio of the "ON" to "OFF" power levels) of the MLL is greater than 2222 (33.5 dB). The relative intensity noise (RIN) measured in a 0.23-nm optical bandwidth over the wavelength range 1525-1575 nm is −79 dB/Hz ± 4 dB at frequencies above 10 kHz and increases to −63 dB/Hz ± 7 dB at frequencies less than 100 Hz. The error bounds specified here indicate the measured variation with wavelength.
The output emission is polarized with a degree of polarization of ∼ 74%, measured with a Stokes analyzer. The MLL emission is remarkably insensitive to mechanical disturbances of the laser. However, changes in ambient temperature can cause the cavity birefringence to vary and may result in loss of the mode-locked regime. Thus, an environmentally robust system would require the MLL to be thermally isolated or controlled.
To depolarize the emission of the MLL, a Lyot depolarizer (LDPOL or LD) is used. The LDPOL is designed to depolarize the light from the spectrally narrowed reflection of the FBG sensor with a full-width at half-maximum of 0.2 nm. The LDPOL is constructed from two sections of polarization maintaining PANDA fiber (beat length 3.9 mm at 1550 nm) of lengths 102 and 500 m with their fast axes spliced at 45
• (note that the second section need only be 204 m in length for correct operation). Placing the LDPOL at the output of the MLL reduces the degree of polarization to less than 5%.
B. Interferometric Interrogation Scheme
The experimental configuration is shown in Fig. 2 . The output from the MLL is launched into a fiber-optic Mach-Zehnder interferometer (MZI) with a 3.6-mm fiber path imbalance, which is comparable to the coherence length of the light reflected from a sensor grating. Two outputs are available from the MZI, which are each injected into a four-element FBG sensor array. Each FBG in the array produces a reflection of The signals returning from each array thus consist of a temporal pulse train, where each pulse corresponds to an FBG sensor and consists of a fringe pattern, the phase of which contains the strain information of interest. The MLL tap is used to generate a trigger pulse for the pulse generator (PG), which generates a pulse train with a controllable delay to trigger the analog-to-digital (A/D) converter. Thus, a single sample is acquired during each pulse return from the FBG array and the signals from all four FBG sensors are recorded by a single A/D. Once digitized, the fringe pattern can be processed to obtain the strain information. The individual FBG sensor signals are extracted during the signal processing. The combined loss of the MZI, circulators, FBG sensor, and connectors results in 6.3 µW return power per pulse at the detectors. High-speed (5 MHz) photodiode detectors with integrated transimpedance amplifiers are used for detecting the return from each FBG array. The minimum power required at the detector is approximately 1.6 µW per pulse; thus, around 6 dB of optical power margin is available.
The phase-generated-carrier (PGC) interrogation technique is used to extract the interferometric phase, and hence, the Bragg wavelength of the FBG sensor [16] . In this technique, a sinusoidal phase modulation (PM) is applied to one of the arms of the MZI. The processing stages for this method are now briefly described. It is assumed that the split ratios of the directional couplers in the MZI are 50% and there is no excess loss in either interferometer arm. The current generated by the photodetector during a return pulse is then given by
where R is the photodiode responsivity, P is the peak return power in the absence of the interference term, V is the normalized fringe visibility, φ pgc is the modulation depth, and ∆φ(t) includes signal and drift phases. Expanding the cosine term in (1) in terms of Bessel coefficients yields
Thus, quadrature components of the phase of interest ∆φ(t) can be obtained by synchronous detection of the photodiode current at ω pgc and 2ω pgc . Low-pass filtering the resulting signals yields
The phase is obtained by normalizing the amplitudes of (3) and (4), taking the arctangent of their ratio. Setting φ pgc equal to 2.6 rad results in J 1 ≈ J 2 ; however, a suitable normalization routine is also applied in the signal processing to remove any small differences in amplitude. Phase excursions greater than π rad can be measured by implementing a fringe counting algorithm. When a low-frequency PM of amplitude π rad is also applied to the MZI, plotting (3) and (4) as a Lissajous figure traces out a circle. PGC signals corresponding to (1) are shown in Fig. 3(a) , and their Lissajous figures are shown in Fig. 3(b) for FBG sensors 1 and 5, labeled lambda 1 and 2, respectively. The accuracy to which the amplitudes of (3) and (4) are matched determines the phase-measurement accuracy. A PGC frequency of 3 kHz has been used in this experimental system. This modulation is imparted onto the optical signal in one arm of the MZI with a fiber-wrapped lead zirconate titanate (PZT) tube phase modulator.
A change in wavelength of the FBG causes a change in interferometric phase, given by ∆φ = 2πnd MZI ∆λ/λ 2 FBG , where n is the fiber effective refractive index, d MZI is the interferometer fiber path imbalance, and λ FBG is the Bragg wavelength of the FBG. The fractional change in wavelength with applied strain is given by ∆λ/λ FBG = 0.78∆ε, where the factor of 0.78 includes the contribution to the Bragg wavelength shift from the stress-optic effect [17] . The phase is thus linearly related to the MZI path imbalance and strain applied to the FBG ∆ε by
In the experimental system, n = 1.468 and d MZI = 3.6 ± 0.2 mm, yielding ∆φ/∆ε = 16.7 mrad/µε.
It is well known that polarization-induced signal fading can occur when a fiber-optic interferometric sensor is illuminated with a polarized light source. However, polarization fading can also occur when an unpolarized light source is used, if the differential or net retardance of the MZI changes. In this case, the normalized fringe visibility in (1) is given by
where Ω r−s is the rotational magnitude of the net-retardance operator of the MZI [18] . An optimum visibility will occur if the net retardance is 0 [i.e., Ω r−s = 0(modulo 2π)]. Birefringence will generally be present in the MZI and will be different in each arm due to residual birefringence in the optical fiber and any induced birefringence from the phase modulator. During the initial set-up procedure, this birefringence can be (mostly) compensated for by adding a birefringence controller into one arm of the MZI and monitoring the output visibility to obtain an optimum value. Visibilities greater than 0.8 are obtained in the experimental system. Phase errors due to polarizationdependent loss and birefringence are found to be the primary causes of drift in the FBG sensor system.
III. SYSTEM PERFORMANCE AND DISCUSSION
The performance of the FBG sensor is primarily determined by the performance of the interrogation system and the fidelity of the signal processing. It is generally of interest to quantify the low-frequency drift of the sensor system, which determines the accuracy of the sensor and the spectral density of the equivalent strain noise when the sensor system is isolated from any external stimulus. This latter characteristic determines the sensor resolution. Different characteristics affect each of these quantities and thus, we shall treat them separately.
In the proposed configuration, the MZI will itself be sensitive to environmental effects such as acoustics, vibration, and temperature. Therefore, if the sensor is to be used for measurement of low-frequency signals, the MZI must either be carefully shielded, or a reference sensor must be incorporated. The proposed configuration lends itself to being arranged for differential strain measurement [1] ; that is, the strain difference measured between two FBG sensors. This is also useful if a temperature-compensated strain measurement is required, since the FBG will itself respond to both temperature and strain. One FBG would effectively act as a reference sensor; thus, by isolating it from the applied strain, it would respond only to temperature changes. Unless stated, the signal-processing procedure has been configured for differential strain measurement, where the strain difference between two corresponding FBGs in each FBG array is calculated. Thus, the strain difference between FBGs 1 and 5, 2 and 6, 3 and 7, and 4 and 8 are calculated. This is performed by carrying out the signal-processing steps described above for each sensor to obtain the signal phase. If the Bragg wavelengths of the corresponding FBGs pair are identical, then the phase difference will be proportional to the strain difference. However, if the Bragg wavelengths are not identical, then a correction factor is added due to the wavelength dependence of the phase shift in (5), before the differential strain is finally calculated.
A. AC Resolution
The accuracy of the interferometric phase measurement can be examined by applying a low-frequency PM or calibration tone to the MZI. This tone is common mode to all FBG sensors, and thus, should be canceled when the differential phase is calculated. Fig. 4(a) shows the power spectrum of the interferometric phase when a 10-Hz tone of amplitude ∼ π rad is applied to the MZI. The differential phase is calculated between FBGs 1 and 5 when they are placed close together. This tone is canceled by 79 dB in the differential phase. Also, note that other low-frequency effects below about 4 Hz are also clearly canceled.
The power spectral density of the strain for all eight sensors is shown in Fig. 4(b) . The strain resolution varies between 23 and 60 nε/Hz 1/2 at frequencies below 10 Hz. This corresponds to a phase resolution ranging from 0.38 to 1 mrad/Hz 1/2 . The data have been filtered above 800 Hz. Fig. 4(c) shows a 4-µε signal at 5 Hz applied to sensor 1.
The strain resolution obtained with this system is poorer than that previously obtained when an erbium fiber amplifier is used as the broadband source [1] . The strain resolution limited by the 0.2-nm linewidth of the FBG reflection is expected to be 0.6 nε/Hz 1/2 [19] . The detector noise is also found to be an order of magnitude less than the measured noise floor. The observed noise floor can be identified as RIN from the MLL. Inspecting (2), it can be seen that RIN will contribute in two ways to the overall photocurrent noise. It will appear in both the first and second terms in (2). In the second term, it effectively becomes an amplitude modulation of the PGC signal. RIN components less than f pgc will be common mode to both ω pgc and 2ω pgc components and will be canceled during the arctangent calculation of (3) and (4). However, white noise components extending above f pgc will contribute an aliased term to the total RIN. The first term contributes an RIN term to the measured phase since the RIN noise at ω pgc is uncorrelated to the RIN noise at 2ω pgc and does not cancel. The RIN-induced phase noise due to the first term can be derived using (2) for the case when ∆φ(t)
1. Substituting (P + δP ) for P , where P is the mean power and δP is the power fluctuation measured in a 1-Hz bandwidth, defining the RIN as RIN = (δP/P ) 2 , and equating the first term in (2) with the downconverted ω pgc term (3) yields this contribution. Finally, adding in the aliased term yields the total noise due to RIN (for
For the case when V = 0.8, J 1 = 0.33 (φ pgc = 3 rad), and RIN = −76 dB/Hz at 3 kHz yields δφ RIN = 0.42 mrad/Hz 1/2 corresponding to δε RIN = 25 nε/Hz 1/2 . This is marked in Fig. 4(b) , and is found to be close to the observed noise levels. Slight variations in the RIN level occur depending on the exact mode-locked state of the MLL, and the RIN of a spectral slice from the MLL varies slightly with wavelength [11] . These effects may explain the slight differences in calculated noise floor due to RIN and the measured noise floor.
B. DC Accuracy/Drift
The quasi-DC drift of the sensor system can be characterized by measuring the differential strain between two sensors. Factors that will give rise to drift are errors in the interferometric phase measurement and phase errors arising from residual polarization dependences. In the absence of any polarization dependence in the components making up the sensor system, then the sensor output should not be affected by any disturbance of the connecting leads, even if the source is polarized. However, in practice, there exists net retardance in the MZI, birefringence in the FBG structure and connecting leads, and polarization-dependent loss in the components. In this case, illumination with an unpolarized source will not completely remove sensitivity of the interferometric phase to perturbation of the connecting leads between the MZI and FBG (a similar effect is observed in white-light tandem interferometry [20] ). Illumination with a polarized source can, in practice, give rise to very large phase-measurement errors, when birefringence exists in the FBG and MZI and the connecting leads are disturbed. This is demonstrated by removing the LDPOL from the setup in Fig. 2 and placing a polarization controller between the MZI output and FBG sensor. Changing the birefringence in the connecting leads with the polarization controller during the measurement gives a realistic (although not exactly quantitative) indication of phase error due to lead perturbation. This is illustrated in Fig. 5(a) , which shows the variation of the interferometric phase for two corresponding FBGs (1 and 5) over time. This plot also shows the calibration procedure. The data are processed in records a few seconds in length. The first record is used to ac couple and normalize the PGC signals, given by (1). A 10-Hz calibration tone is then applied to the MZI, which is used to normalize the sine and cosine signals of (3) and (4) and completes the calibration process. To demonstrate sensitivity of the connecting leads, the birefringence in the connecting leads is changed manually in a random fashion, at the time marked by the arrow. The resulting phase error is clearly visible in the demodulated differential strain shown in Fig. 5(b) (the integration time of this phase measurement is 0.1 s). Changing the birefringence in this way can also affect the transmitted light intensity; however, previous experiments have demonstrated rejection of light intensity fluctuations on the measured phase. During the measurement, the FBGs are placed close together to ensure that any temperature change of the FBG or MZI will be common-mode rejected. The observed drift is thus due primarily to polarization effects with a peak magnitude of ±3 µε (corresponding to ±2.9
• ). Fig. 5(c) shows the same measurement when the MLL is depolarized with a Lyot depolarizer [note here that the calibration tone in Fig. 5(a) lasts until ∼ 45 s and in Fig. 5(c) lasts until ∼ 30 s] . The differential strain error, shown in Fig. 5(d) , is now reduced to ±1 µε (peak) (corresponding to ±1
• ). These levels of phase error were found to be typical for the low-reflectivity FBG sensors. It can be expected that these figures are representative of drift over much longer measurement times due to the mechanism involved.
C. Sensor Bandwidth and Dynamic Range
The sensor bandwidth is determined by the maximum frequency signal that can be faithfully reproduced by the signalprocessing algorithm. It is related to the PGC frequency or, more specifically, the frequency at which the sine and cosine signals are low-pass filtered. This is usually set to slightly less than the PGC frequency, in this case, 800 Hz. Assuming that the PGC signal has to be oversampled by a factor of 10, then the maximum PGC frequency is 27.8 kHz, thus, the sensor bandwidth can be increased in the present system by an order of magnitude.
The sensor bandwidth can be increased further if a different interrogation approach is used, such as that based on a 3 × 3 coupler [21] . In this case, the sensor bandwidth is half the interrogation rate, or 139 kHz. This makes possible the use of this system for very-high-frequency strain measurement.
For quasi-dc measurements, the dynamic range of a sensor is dependent on the optical-bandwidth allocation for the sensor.
For ac measurements, the dynamic range is also limited by the bandwidth of the signal-processing algorithm. This latter limit has been investigated elsewhere [22] . From signal bandwidth considerations, the maximum peak PM measurable by the interferometric technique is φ max = f lpf /f s − 1, where f lpf is the frequency cutoff of the sine/cosine low-pass filter and f s is the signal frequency. Thus, for f s = 10 Hz and f lpf = 400 Hz, then φ max = 39 rad, which is equivalent to 2335 µε. This corresponds to a peak wavelength shift of 2.8 nm at 1550 nm.
The interferometric measurement of the FBG wavelength is not absolute and is referenced to the phase at the moment of switch ON or reset of the signal-processing algorithm. For measurement of absolute strain, an absolute wavelength measurement device is required, such as a CCD spectrometer or wavemeter.
D. Sensor Spatial Separation
The number of sensors that can be multiplexed onto a single fiber can be maximized by combining TDM and WDM. For example, if the bandwidth allocated to each FBG is 4 nm and the emission bandwidth of the MLL is 60 nm, then the maximum number of wavelengths is 15. The number of sensors that can be time division multiplexed is determined by the return-power requirements and crosstalk considerations. In the present system, the return power margin is 6 dB; thus, the FBG reflectivity can be reduced by a factor of 4 to ∼ 0.25%. Crosstalk arises from three sources. Multipath-reflection-induced crosstalk occurs from the multiple reflections that occur between FBGs of the same wavelength. For a serially multiplexed FBG array, crosstalk signals due to multiple reflections from sensors leading up to sensor n can arrive at the detector at the same time as the primary signal from sensor n. Since the crosstalk signals are incoherent with the primary signal and the FBG reflectivities are low (r 1), then only first-order reflections (i.e., signals undergoing three reflections) need to be considered, and the analysis is greatly simplified. Assuming the reflectivities and Bragg wavelengths of the FBGs are identical, then the ratio of the power in the crosstalk signal to the primary signal for the last sensor in an N sensor array (i.e., the worst case) is given by [23] 
where r is the FBG power reflectivity. To ensure the strain crosstalk caused by this effect is always less than −40 dB (given by 20 log 10 of the power ratio), then the maximum number of sensors is 30 for a 0.5% FBG. This increases to 50 for a crosstalk requirement of −30 dB. The source of crosstalk can be reduced by staggering the wavelengths of the FBGs. Leakage light arises from a finite extinction ratio of the optical source (i.e., the light emitted from the source when in its "OFF" state). This will cause light from other sensors to arrive at the detector at the same time as the main pulse. It is straightforward to estimate the magnitude of this effect, since the leakage light will always be incoherent with the pulsed light. By summing the contributions of crosstalk signals from all sensors in the array, the ratio of total crosstalk power due to leakage light to the power in the primary signal is approximated by
where N is the total number of sensors, and ξ is the extinction ratio of the input signal. Taking the extinction ratio for the MLL to be 33.5 dB and r = 0.5% yields a maximum crosstalk level of −36 dB for 30 sensors and −30 dB for 50 sensors. The remaining cause of crosstalk is due to shadowing. This effect can be considered in an ideal array where the FBG reflectivity profiles are ideal Gaussian lineshapes centered at identical wavelengths. A shift in the wavelength of several sensors by the same amount will cause the power transmitted to the subsequent sensors to change (each FBG sees an incident optical spectrum that is a convolution of the source emission spectrum and the previous FBGs spectra). This may give rise to an apparent change in the measured center wavelength or phase of the "shadowed" sensors. This problem is alleviated in a real system if the center wavelengths of the FBGs are not identical and random variations in the reflectivity spectra are present from one FBG to the next. Assuming a maximum of 50 sensors per TDM and 15 wavelengths, then the total number of sensors is 750. Increasing the sampling rate to 66 MHz (currently 1.1 MHz) yields a sensor spacing of 20 cm.
IV. INTERROGATION OF AN FFP CAVITY
The proposed multiplexing scheme can also be configured to interrogate low-finesse FFP interferometers. These consist of two closely spaced low-reflectivity FBGs of the same Bragg wavelength. The imbalance in the MZI must be matched to the path imbalance in the FFP, such that the system forms a tandem interferometer arrangement.
A single FFP sensor has been constructed from two FBGs fabricated in SMF-28 fiber, spliced together, and characterized with an optical frequency domain reflectometer. The FFP replaces the FBG array in Fig. 2 . The power reflectivity of the FFP is shown in Fig. 6(a) . An inverse scattering technique is used to obtain the coupling coefficient q of the two FBGs making up the FFP sensor. The amplitude of the coupling coefficient |q| in units of per meter is shown in Fig. 6(b) . The two FBGs are Gaussian apodized with a full-width at half-maximum of 3.7 mm, separated by 5.9 cm, and give a peak reflectivity of ∼ 8%.
The current generated by the photodetector during a return pulse (for r 1) is given by
where φ FFP (t) is the phase of the FFP cavity (note that this phase will also include phase shifts generated in the MZI).
The amplitude of the interference signal is thus reduced by 0.5 compared with the FBG sensor response. The imbalance in the MZI is increased to 12.3 cm ±2%, to match the FFP cavity length. For the case when d FFP = 2d MZI , the strain applied ∆ε to the FFP sensor is related to the measured phase shift by
where d FFP is the FFP cavity fiber length in the FFP. If d = 6.15 cm and λ FBG = 1547.7 nm, then ∆φ/∆ε = 0.57 rad/µε. Thus, the strain responsivity of this sensor is ∼ 33 times larger than that of the FBG sensor. The strain noise of this sensor is shown in Fig. 7 (a) and is found to be ∼ 2nε/Hz 1/2 at frequencies less than 1 kHz (corresponding to a phase resolution of 1.1 mrad/Hz 1/2 ). This represents an improvement in sensitivity of up to 30 times the FBG sensor. The RIN-induced phase noise is given by
Using the same values as before yields δφ RIN = 0.85 mrad/Hz 1/2 , corresponding to δε RIN = 1.5 nε/Hz 1/2 , which agrees well with the measured strain noise. The elevated noise level from 10 to 100 Hz is environmental noise picked up by the FFP sensor. Fig. 7(b) shows a 4-µε tone at 5 Hz applied to the FFP sensor (resolution bandwidth is 0.08 Hz).
Birefringence within the FFP cavity and MZI causes polarization-induced phase-measurement errors [20] , which lead to strain-measurement errors. To determine the magnitude of this effect, the MZI and FFP were maintained at a constant temperature and the strain error was measured when the birefringence of the fiber in the connecting lead between the MZI and FFP is changed with a birefringence controller. With a polarized source, the peak magnitude of this strain error is ±46 nε. Depolarizing the source with the Lyot depolarizer reduces this error to ±31 nε. Multiple FFP cavities can be multiplexed in the same way as FBG sensors, providing the cavity lengths of the FFPs are matched to well within the coherence length of the reflected light. Differential strain measurements can also be performed by adding a second set of FFP sensors onto the other output of the MZI.
V. CONCLUSION
An efficient and flexible multiplexing scheme for highperformance fiber Bragg grating (FBG) sensors has been presented. The system is based on a broadband pulsed modelocked laser (MLL) and interferometric interrogation. The system can be configured for differential strain measurement, which removes the environmental sensitivity of the decoding interferometer and can also be used to overcome the temperature strain sensitivity of the FBG sensor if one of the sensors in a sensor pair is configured as a reference measuring only temperature. The MLL source is an extremely efficient device for producing pulsed high-extinction broadband radiation and certain configurations are now becoming commercially available. The strain resolutions for an eight-element array vary from 23 to 60 nε/Hz 1/2 , limited by intensity noise from the MLL. The drift for a differential strain measurement is ±1 µε when the MLL is depolarized. The sensor bandwidth can be extended to 8 kHz using the current configuration or 139 kHz using an interferometric interrogation based on the 3 × 3 coupler. This system is expandable to over 500 sensors per fiber by combining time division multiplexing (TDM) with wavelength division multiplexing (WDM). Fiber Fabry-Pérot (FFP) sensors can be multiplexed in the same way as FBG sensors. Interrogation of a low-finesse FFP sensor with a 5.9-cm-long cavity yields a strain resolution of 2 nε/Hz 1/2 and a strain-measurement accuracy of ±31 nε, which is ∼ 30 times higher than the FBG sensor.
This system provides an efficient means of interrogating very large numbers of closely spaced FBG or FFP sensors. Its high-frequency capability makes it potentially useful for acoustic emission measurement in structures, which requires large numbers of acoustic sensors with submicrostrain resolution. The ability to make differential strain measurements with submicrostrain accuracy makes this system well suited to interrogation of multiplexed multicore FBG curvature sensors [24] .
